Characteristic ribonucleoprotein-rich granules, called nuages, are present in the cytoplasm of germ-line cells in many species. In mice, nuages are prominent in postnatal meiotic spermatocytes and postmeiotic round spermatids, and are often called chromatoid bodies at the stages. We have isolated Mouse tudor repeat-1 (Mtr-1) which encodes a MYND domain and four copies of the tudor domain. Multiple tudor domains are a characteristic of the TUDOR protein, a component of Drosophila nuages. Mtr-1 is expressed in germ-line cells and is most abundant in fetal prospermatogonia and postnatal primary spermatocytes. The MTR-1 protein is present in the cytoplasm of prospermatogonia, spermatocytes, and round spermatids, and predominantly localizes to chromatoid bodies. We show that (1) an assembled form of small nuclear ribonucleoproteins (snRNPs), which usually function as spliceosomal complexes in the nucleus, accumulate in chromatoid bodies, and form a complex with MTR-1, (2) when expressed in cultured cells, MTR-1 forms discernible granules that colocalize with snRNPs in the cell plasm during cell division, and (3) the deletion of multiple tudor domains in MTR-1 abolishes the formation of such granules. These results suggest that MTR-1, which would provide novel insights into evolutionary comparison of nuages, functions in assembling snRNPs into cytoplasmic granules in germ cells. q
Introduction
Germ-line specification and differentiation involve divergent processes among species. In Drosophila and Xenopus, for example, germ cell precursors are determined by cytoplasmic factors that accumulate asymmetrically in oocytes (Illmensee and Mahowald, 1974; Ikenishi et al., 1986) . In mice, on the other hand, primordial germ cells (PGCs) originate from pluripotent epiblast cells depending on induction from somatic cells during gastrulation (Lawson et al., 1999; Yoshimizu et al., 2001) . Following sexdifferentiation of germ cells also occurs in several ways, including intercellular induction, determination by chromosomal constitution or by environmental factors (Ryner and Swain, 1995) . In spite of these diversities, germ cell precursors and more differentiated gametes in many species have similar, electron-dense granules in their cytoplasm. These granules, referred to collectively as 'nuages', have several common features, such as amorphous shape, absence of surrounding membranes, abundance of RNA and protein, and in many cases, close association with mitochondria or nuclei (Eddy, 1975) .
In Drosophila oocytes and early embryos, nuages referred to as 'polar granules' accumulate in the pole plasm, the germ-line determinant (Illmensee and Mahowald, 1974) . Several products of maternal genes, such as vasa and tudor, are components of polar granules and are crucial for proper pole cell and abdominal formation (Lehmann and Ephrussi, 1994) . In mice, on the other hand, nuage structures have not been observed during germ-line specification among epiblast cells, consistent with the fact that mouse germ-line determination depends on induction. Nuages in mice are first recognized in PGCs, which are already allocated to the germ-line (Eddy, 1974) , while the structures become most prominent in postnatal meiotic spermatocytes and postmeiotic round spermatids (Fawcett et al., 1970) . Nuages at these stages are often called 'chromatoid bodies' in mice, but their function remains unknown, possibly due to limitations in experimental manipulation of mammalian germ cells.
A previous study identified a mouse homologue of vasa (Mvh) (Fujiwara et al., 1994) . The MVH protein is not detected in pluripotent cells, but is most abundant during postnatal spermatogenesis, especially in spermatocytes and round spermatids. MVH localizes to chromatoid bodies , and targeted disruption of Mvh results in defects in postnatal spermatogenesis (Tanaka et al., 2000) .
Sm proteins of small nuclear ribonucleoproteins (snRNPs) are other characteristic components of chromatoid bodies (Biggiogera et al., 1990; Moussa et al., 1994) . Each snRNP particle is comprised of a UsnRNA, seven Sm proteins, and several class-specific proteins, and is an essential component of the spliceosomal complex that functions in pre-mRNA processing (Will and Luhrmann, 2001) . snRNPs are assembled in the cytoplasm, and usually transported to and confined in the nucleus where they function. In the nuclei, snRNPs form several speckles with a diffuse distribution, and the speckles, called coiled bodies or gems, are presumed to regulate RNA expression and processing (Lamond and Earnshaw, 1998) . On the other hand, granular accumulation of Sm proteins in the cytoplasm is rather unusual, and may reflect an unknown characteristic of chromatoid bodies.
tudor is genetically downstream of vasa, and encodes a component of Drosophila nuages (Boswell and Mahowald, 1985; Golumbeski et al., 1991; Bardsley et al., 1993) . One characteristic of the TUDOR protein is the presence of ten repeated copies of the tudor domain. The tudor domain is also found in several other proteins expressed in various tissues of several organisms, but typically exists as a single copy in each protein (Ponting, 1997) . The molecular functions of Drosophila TUDOR have not yet been revealed, but the single tudor domain in the Survival of Motor Neuron (SMN) protein has been shown to associate with SmB/B', SmD1-D3, and SmE proteins of snRNPs (Liu et al., 1997; Buhler et al., 1999; Selenko et al., 2001) .
In this study, we have isolated Mouse tudor repeat-1 (Mtr-1), which encodes four repeated copies of the tudor domain and a single MYND domain. Mtr-1 expression is confined to male germ cells, and the MTR-1 protein constitutes a novel component of chromatoid bodies. We also show that an assembled form of snRNPs actually accumulate in chromatoid bodies, and form a complex with MTR-1 in vivo. When expressed in cultured cells, MTR-1 forms distinct granules that co-localize with snRNPs in the cell plasm during cell division, and this activity of MTR-1 depends on repeated copies of the tudor domains. MTR-1, a novel component of chromatoid bodies with multiple tudor domains, may function in assembling snRNPs into cytoplasmic granules in germ cells.
Results

Mtr-1 encodes four tudor domains and a single MYND domain
A TBLASTN search of the expressed sequence tag database (dbEST), using the Xenopus Tudor Repeat (XTR) amino acid sequence (Ikema et al., 2002) as a query, revealed a 244 bp EST derived from a mouse testis cDNA encoding a tudor domain (GenBank, AV047472). PCR amplification of mouse testis cDNA using primers encompassing a 239 bp sequence of this EST predominantly yielded a 476 bp fragment, showing a 237 bp in-frame insertion in the original sequence. This 476 bp fragment was used as a probe to screen a fetal gonad cDNA library. A 4.9 kb cDNA clone was obtained, which encoded a predicted protein of 1172 amino acids with an in-frame stop codon in its 5 0 UTR. The 476 bp PCR product was included within this 4.9 kb sequence.
The predicted protein lacked obvious transmembrane regions or signal sequences. Dot matrix plotting and motif searches using PROSITE and Pfam databases revealed four copies of the tudor domain (Fig. 1A, B) . Tudor domains are characteristic repeated domains found in Drosophila TUDOR. The domains are also found in several other proteins expressed in various tissues, but typically exist as a single copy in each protein. Multiple tudor domains found at the time of our database search were as follows: four copies in XTR, expressed in Xenopus germ-line cells (Ikema et al., 2002) ; five tudor-like domains (which contain variations in conserved residues) in tudor repeat associator with PCTAIRE 2 (TRAP) in Rattus brain and testis (Hirose et al., 2000) ; eight copies (and two tudor-like domains) in TUDOR in Drosophila. Thus, the cDNA was named Mouse tudor repeat-1 (Mtr-1), in accordance with Xtr and Mtr-2 (Mtr-2, which also encodes multiple tudor domains, is currently under study and will be reported elsewhere). The N-terminal portion of the presumed MTR-1 protein also contained a single MYND domain (Fig. 1A, C) . MYND domains are predicted to constitute two zinc fingers, but have been shown to bind to proteins rather than to DNA (Mattaj, 1986; Lutterbach et al., 1998) . An approximately 3 kb cDNA, which corresponds to a fragment of Mtr-1 lacking the MYND domain, was previously isolated (Tdrd1, AF285591) as one of clones obtained in a subtraction study of the testis (Wang et al., 2001) . However, the 4.9 kb sequence presented here seems to correspond to almost the full-length of the major transcript, since (1) Northern blot analysis of the testis showed a band of approximately 5 kb ( Fig. 2A) , and (2) Western blot analysis showed a predominant band of approximately 140 kDa, which is close to the predicted molecular mass (130 kDa) of the 1172 amino acids encoded in this 4.9 kb sequence (Fig. 3A, lane 1) .
Mtr-1 is expressed in prospermatogonia and spermatocytes
Northern blot analysis of Mtr-1 showed a band of approximately 5 kb in the testis, among the adult tissues examined ( Fig. 2A) . Changes in the expression of Mtr-1 during germ-line development were examined by quantitative RT-PCR analysis (Fig. 2B ). Embryonic stem (ES) cells (CCE cells, kindly provided by Dr E.J. Robertson) and whole embryos at 6.5 days post coitum (dpc) were used as samples containing pluripotent cells, and urogenital ridges at 11.5 dpc were used as tissues containing mitotic PGCs. These tissues or cells expressed Mtr-1 at higher levels than STO fibroblast cells, but a substantial increase in Mtr-1 expression was observed in fetal gonads at 13.5 dpc, when the gonads and germ cells begin sex-differentiation. The expression of Mtr-1 in the testis increased with development from 13.5 dpc to the adult. In the ovary, expression was maintained at lower levels, and decreased slightly, resulting in about a hundred fold abundance of Mtr-1 in the adult testis than in the ovary.
To define the distribution of Mtr-1 transcripts in gonads, in situ hybridization was carried out using digoxigenin labeled RNA probes. Hybridization signals of Mtr-1 were found in a subset of seminiferous tubules in the adult testis (Fig. 2C ), and were confined to primary spermatocytes at the pachytene stage (Fig. 2D ). Differentiation stages of spermatogenic cells were classified by histological staining of adjacent sections (data not shown). In embryos, urogenital ridges at 11.5 dpc showed no detectable staining (data not shown). At 13.5 dpc, very weak signals of Mtr-1 were detected in the developing testis (data not shown). Significant staining became visible in the testis at 15.5 dpc (Fig. 2E ), although the signal was much weaker than in adult spermatocytes. Mtr-1 positive cells at 15.5 dpc were identified as prospermatogonia by immunostaining of Stage Specific Embryonic Antigen 1 (SSEA-1), a fetal germ cell marker, after in situ hybridization (Fig. 2E, inset) . Mtr-1 signal in ovaries was very weak to undetectable (data not shown). In summary, substantial expression of Mtr-1 commences in prospermatogonia in embryos, but the transcripts become most abundant in postnatal primary spermatocytes at the pachytene stage.
2.3. MTR-1 is present in the cytoplasm of prospermatogonia, spermatocytes, and round spermatids
We raised polyclonal antibodies against a 15 kDa Cterminal portion of MTR-1. Western blot analysis of adult testis using affinity purified anti-MTR-1 antibodies showed a predominant band at approximately 140 kDa, which is close to the predicted molecular mass of MTR-1, 130 kDa (Fig. 3A , lane 1). NIH/3T3 cells transfected with an MTR-1 expression vector (pMTR-1) also showed a band at approximately the same size, which confirmed the specificity of the antibodies (Fig. 3A , lane 2 and 3). We therefore examined the distribution of MTR-1 protein using the antibodies. Immunostaining of sections of adult testes showed distinctive signals in layers of cells in all seminiferous tubules (Fig. 3B) , and the signals were distributed in the cytoplasm either as fine granules or as larger distinct dots (Fig. 3C ). The cells with distinct perinuclear dots of MTR-1 were postmeiotic round spermatids. Double-staining with antibodies against MTR-1 and anti-Synaptonemal Complex Protein 3 (SCP3) (Chuma and Nakatsuji, 2001 ), a component of synaptonemal complexes, showed that cells with fine MTR-1 granules were meiotic primary spermatocytes (Fig. 3C, inset) . MTR-1 was not observed in sections from adult ovaries (data not shown). In embryos, the urogenital ridge at 11.5 dpc did not exhibit MTR-1 at detectable levels (Fig. 4A ). In the testis at 15.5 dpc, MTR-1 showed fine granular distribution in the cytoplasm of prospermatogonia, identified by double-staining with an anti-SSEA-1 antibody (Fig. 4B, D, E) . In the ovary at 15.5 dpc, few cells exhibited MTR-1 at very weak to almost undetectable levels (Fig. 4C ).
MTR-1 is a component of chromatoid bodies
Subcellular localization of MTR-1 was further examined by immunoelectron microscopy. In spermatocytes, chromatoid bodies are recognized as electron-dense, amorphous material in close proximity to mitochondria (thus, they are also referred to as 'inter-mitochondrial materials,' etc.), and MTR-1 signals were detected in these inter-mitochondrial chromatoid bodies (Fig. 5A) . In round spermatids, MTR-1 was present exclusively in chromatoid bodies that had become distinct granules near the nucleus (Fig. 5B) . These results account for the different distribution of MTR-1 in spermatocytes and round spermatids observed by fluorescence immunostaining (Fig. 3B, C) , and confirm that MTR-1 constitutes a novel component of chromatoid bodies.
2.5. MTR-1 and an assembled form of snRNPs co-localize in chromatoid bodies and form a complex Since Sm proteins of snRNPs (SmB and SmD, recognized with anti-Sm (Y12) antibody) were shown to localize to chromatoid bodies by immuno-electron microscopy (Biggiogera et al., 1990; Moussa et al., 1994) , and the single tudor domain in SMN binds to SmB, SmD, and SmE (Liu et al., 1997; Buhler et al., 1999; Selenko et al., 2001 ), we next examined a possible relationship between MTR-1, which contains multiple tudor domains, and snRNPs. Co-localization of MTR-1 and Sm proteins was first confirmed by immunofluorescence microscopy. SmB and SmD, probed with the anti-Sm (Y12) antibody, were present in the nuclei of both germ and somatic cells in the testis, with the exception of elongated spermatids and spermatozoa, in which active transcription ceases. In the cytoplasm of round spermatids, SmB is shown in the lower panels, since SmD was barely detectable in the blot, as described in Biggiogera et al. (1990) and Pellizzoni et al. (1999) . The input lanes represent 2.5% of the samples used for each immunoprecipitation.
Sm proteins were also observed as perinuclear granules as expected (Fig. 6A) , and these cytoplasmic granules containing Sm proteins co-localized precisely with those of MTR-1 (Fig. 6A -C) . It is not known whether chromatoid bodies contain only some components of snRNPs, such as Sm proteins, or whether an assembled, mature form of snRNPs actually accumulates in the cytoplasmic structures. UsnRNAs of snRNPs have characteristic 2, 2, 7-trimethyl capped guanosines (m3G) at their 5 0 ends, and this hypermethylation occurs at the end of snRNP assembly in the cytoplasm (Mattaj, 1986) . As shown in Fig. 6D , m3G was present as perinuclear granules in the cytoplasm of round spermatids, in addition to a diffuse distribution in the nuclei, and the cytoplasmic granules containing m3G co-localized precisely with those of MTR-1 (Fig. 6D -F ). This result showed that an assembled form of snRNPs, which should be functional, accumulates in chromatoid bodies and colocalizes with MTR-1. MTR-1 was co-immunoprecipitated with Sm proteins and m3G of snRNPs from a cytoplasmic fraction of testes enriched in chromatoid bodies (Fig. 6G, left panels) , confirming that MTR-1 and an assembled form of snRNPs actually form a complex in vivo. RNase treatment of the input samples in part reduced the co-precipitation of MTR-1 with Sm proteins (to approximately 70%) (Fig. 6G,   Fig. 7 . MTR-1 forms discernible granules that co-localize with those of snRNPs during cell division in vitro. NIH/3T3 cells were transiently transfected with the MTR-1 expression vector (pMTR-1), and immunostained for MTR-1 (A, D, G) and Sm proteins of snRNPs (B, E, H). (C, F, I) are merged images of the left and middle panels, where nuclei were counterstained with Hoechst 33258 dye (blue). (A -C) In an interphase cell (arrowheads), most MTR-1 is distributed in the cytoplasm with several speckles in the nucleus, while snRNPs are confined to the nucleus. In a prophase-prometaphase cell (arrows), granules of MTR-1 that co-localize with those of snRNPs become prominent. (D -F) In a metaphase cell, granules of MTR-1 and snRNPs are distributed around the condensing chromosomes (arrows). A MTR-1 ( -) cell (E, arrowhead) does not show such noticeable granules of snRNPs. (G -I) In cells around the end of cytokinesis, granules of MTR-1 and snRNPs remain in the cytoplasm (arrows), while most snRNPs are again being confined to the nuclei. Immunostaining with anti-m3G antibodies showed almost the same pattern of signal distributions (data not shown). Scale bars, 10 mm. right panels). This reduction is consistent with the characteristics of chromatoid bodies as large ribonucleoprotein complexes, and suggests that MTR-1 and Sm proteins associate, in part, through RNAs, presumably including UsnRNAs. Complete absence of co-precipitation of MTR-1 with m3G after RNase treatment of the input samples (Fig. 6G , right panels) is in accordance with m3G being present at the 5 0 ends of UsnRNAs.
MTR-1 forms discernible granules that co-localize with snRNPs during cell division in vitro
To examine whether MTR-1 could affect subcellular localization of snRNPs, Mtr-1 (pMTR-1) was transfected into NIH/3T3 cells, and then the distribution of MTR-1 and snRNPs was followed by immunofluorescence microscopy. In interphase cells, most MTR-1 was distributed diffusely in the cytoplasm, forming granules of varying sizes and numbers, while several fine speckles of MTR-1 were also observed in nuclei. The nuclear speckles of MTR-1 almost always (. 90%) co-localized with concentrated speckles of snRNPs in the nuclei (Figs. 7A -C, 8A, arrowheads), suggesting that MTR-1 accumulated in coiled bodies/gems (Lamond and Earnshaw, 1998) . Cytoplasmic granules of MTR-1, on the other hand, seldom (, 5%) exhibited colocalization with snRNPs in interphase cells.
At prophase -prometaphase during cell division, when nuclear membranes break down and snRNPs become distributed throughout the cell plasm (Reuter et al., 1985; Spector and Smith, 1986) , distinct granules of MTR-1 that co-localized with snRNPs were observed in or around the nuclei (Fig. 7A -C, arrows) . In metaphase cells, the granules of MTR-1 and snRNPs became more prominent and were distributed around condensing chromosomes (Fig. 7D -F,  arrows) . After cytokinesis, MTR-1 and snRNP granules remained in the cytoplasm, while most snRNPs were again confined to the nuclei (Fig. 7G -I ). Such prominent granules of snRNPs in the cell plasm were not discernible in nontransfected or control vector transfected cells (Fig. 7E , arrowhead, and Fig. 8H ).
The distribution and granule formation of DMTR-1-T2 containing two TUDOR domains (681 -1172 residues of MTR-1), and DMTR-1-T1 with one tudor domain (899 -1172 residues) were next examined. In interphase cells, both DMTR-1-T2 and DMTR-1-T1 showed increased distribution in the nuclei relative to that of MTR-1 (Fig. 8A -C) . This difference in nuclear distribution was consistent with the reduction in molecular mass from the deletions (predicted molecular masses of MTR-1, DMTR-1-T2, and DMTR-1-T1 are approximately 130, 56, and 32 kDa, respectively), which would allow the mutant proteins to passively diffuse through nuclear pores, whose size limit is about 60 kDa (Allen et al., 2000) . Like MTR-1, both DMTR-1-T2 and DMTR-1-T1 were localized to nuclear structures where snRNPs accumulated (Fig. 8A -C,  arrowheads) . However, the DMTR-1-T2 structures in the nuclei were often much larger than those of MTR-1 and DMTR-1-T1, and were comparable to the MTR-1 (and DMTR-1-T2) and snRNP structures in the cell plasm during cell division (Figs. 7F, 8E, F) . During cell division, DMTR-1-T2 formed distinct granules that co-localized with those of snRNPs in the cell plasm, like MTR-1 (Fig. 8E, F) . However, such snRNP granules were hardly observed in DMTR-1-T1 transfected cells, like control vector tranfected cells (Fig. 8G, H) . The expression levels of MTR-1, DMTR-1-T2, and DMTR-1-T1, driven by the CAG promoter, were almost similar in these experiments. These results demonstrated that (1) MTR-1 could trigger snRNP aggregation in the cell plasm during cell division, and (2) this activity of MTR-1 depends on repeated copies of the tudor domains.
Discussion
Nuages are observed in the cytoplasm of both germ cell precursors and differentiating gametes in many species, although their shapes and distributions show variations (Eddy, 1975) . Best studied among them are polar granules in Drosophila. Their primary function is presumed to localize determinants that specify germ-lineage. Similar functions have been assumed in species that have nuages during germ-line specification, including Xenopus and C. elegans (Matova and Cooley, 2001) . Nuages observed at later stages of germ cell differentiation, such as fibrous bodies in Drosophila present during spermatogenesis and chromatoid bodies in mice, have been less studied, and their composition and function remain largely unknown. Components of chromatoid bodies previously identified include actin (Walt and Armbruster, 1984) , cytochrome C (Hess et al., 1993) , histone H4 (Werner and Werner, 1995) , transition protein-2 mRNA (Saunders et al., 1992) , RNA binding proteins p48/52 (Oko et al., 1996) , Sm proteins of snRNPs and core proteins of hnRNPs (Biggiogera et al., 1990; Moussa et al., 1994) , ribosomal proteins P1/P2 (Biggiogera et al., 1990) , 5S and 5.8S ribosomal RNAs (Figueroa and Burzio, 1998) , and MVH . Some of these components imply that chromatoid bodies are involved in RNA processing and protein synthesis, and the presence of transition protein-2 transcripts in chromatoid bodies suggests that these structures function as RNA storing devices for elongated spermatids, after cessation of transcription. However, hybridization studies using polyU probes did not reveal an abundance of polyadenylated mRNA in chromatoid bodies (Morales and Hecht, 1994) , while Soderstrom and Parvinen (1976) ) demonstrated that the structures were distinctively labeled after pulse-labeling with tritiated uridine.
MTR-1 is a novel component of chromatoid bodies in mice. High degrees of sequence divergence among tudor domains makes it difficult to speculate on the evolutionary relationships among tudor domain-containing proteins. Mtr-1 may not be the orthologue of Drosophila tudor, due to differences in the number of tudor domains and the presence of a MYND domain in MTR-1. However, several proteins containing different numbers of repeated domains in different species, such as the largest subunits of RNA polymerase II, exhibit the same or similar functions (Proudfoot, 2000) . As for differences in subcellular localization, Drosophila TUDOR is present around nuclei and in mitochondria, in addition to polar granules (Bardsley et al., 1993) , whereas MTR-1 was not specifically detected in the former two sites. In spite of the diversities, however, germ-line expression and localization to nuages of both proteins containing multiple tudor domains are of interest. The results here support the view that nuages from different species and at different stages of germ-line differentiation have similar components and some analogous functions. Considering the epistasis between vasa and tudor (Bardsley et al., 1993) , it would be worthwhile to examine whether Mtr-1 is genetically downstream of Mvh.
MTR-1 is present in fetal prospermatogonia in addition to postnatal spermatocytes and round spermatids. Prospermatogonia are arrested at the G1 (G0) stage of mitosis until they resume proliferation as spermatogonia after birth. Since Mtr-1 expression increases in prospermatogonia, it would be a useful marker to follow the differentiation of fetal male germ cells. On the other hand, MTR-1 was not detectable in PGCs or in oocytes by immunofluorescence microscopy, despite the previous observation of nuages in these cells in electron micrographs (Eddy, 1975) . The composition of nuages, or the predominance of nuages themselves, may change during germ cell development in mice.
Through the search for a possible function of MTR-1, we showed in this study that (1) an assembled form of snRNPs actually accumulates in chromatoid bodies in the cytoplasm, and form a complex with MTR-1, (2) MTR-1 forms granular structures with snRNPs during cell division in the cell plasm in vitro, and (3) this activity of MTR-1 depends on the presence of repeated copies of tudor domains. On the basis that the tudor domain in SMN binds to Sm proteins of snRNPs (Liu et al., 1997; Buhler et al., 1999; Selenko et al., 2001) , multiple tudor domains in MTR-1 would possibly function as bridges to collect snRNPs via Sm proteins into cytoplasmic granules. In cultured cells, snRNPs become distributed throughout the cell by nuclear envelope breakdown at prometaphase, and then MTR-1 (and DMTR-1-T2) and snRNPs could make substantial contact, resulting in complex formation in the cell plasm (Figs. 7, 8E, F) . Likewise, given increased contact between DMTR-1-T2 and snRNPs in interphase nuclei, formation of large nuclear structures of DMTR-1-T2 and snRNPs (Fig. 8B , arrowheads) is consistent with the results for MTR-1 and DMTR-1-T2 in the cell plasm during cell division. Correspondingly, DMTR-1-T1 with only one tudor domain, while being localized to coiled bodies/gems where snRNPs are already abundant, did not show noticeable effects on snRNP distribution during cell division or in interphase nuclei. Detailed biochemical studies, which include reconstitution of snRNPs from UsnRNAs and Sm proteins, would allow multimer formation between MTR-1 and snRNPs in vitro, and establish macromolecular properties of the complex. Interestingly, Sm proteins in C. elegans have been shown to accumulate in P granules, and disruption of their activity by RNAi resulted in mis-localization of P granules in addition to developmental arrest of embryos (Barbee et al., 2002) . The possible functions, as well as the precise origin and fate of snRNPs in chromatoid bodies in mice would be areas of intriguing inquiry in future.
A recent study revealed that allocation of mitochondrial ribosomal RNAs to polar granules are disrupted in Drosophila tudor mutants (Amikura et al., 2001) . Rattus TRAP, which contains five tudor-like domains, binds to a Cdc2-related kinase, PCTAIRE 2 (Hirose et al., 2000) , and a MYND domain in the human AML1-ETO fusion protein binds to N-CoR, which recruits a histone deacetylase complex (Lutterbach et al., 1998) . MTR-1 may function in assembling several proteins or other cellular components into macromolecular complexes in the cytoplasm, and further studies would provide new insight into chromatoid bodies in mice, of which the function during germ cell development is still unknown.
Experimental procedures
4.1. Isolation of Mtr-1 cDNA PCR amplification of the EST sequence, AV047472, from mouse testis cDNA was carried out using the primers 5 0 -CCGGATCCCTTTCCACTCCTTACCCC-3 0 and 5 0 -CCGAATTCGAAAGAGCCAGGGTTTCG-3 0 . A 476 bp PCR product was used as a probe to screen a cDNA library from mouse fetal gonads at 11.5-13.5 dpc (provided by Dr M. Tamura). Of four overlapping clones obtained, a clone containing a 4.9 kb insert was sequenced in both directions. The sequence was submitted to GenBank/EMBL/DDBJ under the accession No. AB067571 in July 2001.
Northern blot and real-time RT-PCR analyses
Total RNAs were purified from tissues of ICR: Jcl strain mice using Trizol (Life Technologies). 20 mg of RNA was electrophoresed in a formaldehyde gel, and transferred to a Hybond N þ membrane (Amersham Pharmacia). A Bam H I-Xho I fragment of the Mtr-1 cDNA was labeled with [ 32 P]dCTP and used as a hybridization probe. Signals were detected by autoradiography using BioMax X-ray film (Kodak). For real-time RT-PCR analysis, 100 ng of total RNA was reversetranscribed and then used as a PCR template. Mtr-1 primers were 5 0 -TTCAAAGAATGTCCACGCAG-3 0 and 5 0 -GTGTGGTATCTCTTTAGTGG-3 0 , and the internal hybridization probe was 5 0 -AAGTGAGGTTTTCTGC-CAGGCCACACAT-3 0 . GAPDH primers were 5 0 -GAC-AATGAATACGGCTACAGCAAC-3 0 and 5 0 -CTGTTA TTATGGGGGTCTGGGATG-3 0 , and the probe was 5 0 -TAGGGCCTCTCTTGCTCAGTGTCCTTGCTG-3 0 . Data was collected using an ABI PRISM 7700 (Applied Biosystems). Relative amounts of Mtr-1 were calculated as follows: DCt (threshold cycle) ¼ (Ct of Mtr-1) 2 (Ct of GAPDH). DDCt ¼ DCt of each tissue -DCt of STO cells. The base of amplification rate/cycle was approximately 1.78, and thus relative quantification values were equal to 1.78
DDCt .
In situ hybridization
Cryosections of tissues fixed in 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS) or paraffin sections of adult testes fixed in 3:1 4% PFA in PBS/acetic acid were used for RNA in situ hybridization. Sense and antisense digoxigenin-labeled RNA probes were transcribed from a linearized plasmid containing the 476 bp PCR fragment of Mtr-1 using an RNA labeling kit (Roche). Hybridization signals were detected by alkaline phosphatase (ALP) -conjugated anti-digoxigenin antibodies and NBT/BCIP (Roche). Fetal germ cells were identified by immunostaining with anti-SSEA-1 antibody (DSHB) and FITC-conjugated anti-mouse IgM antibodies (BioSource) after in situ hybridization.
Production of anti-MTR-1 antibodies
A cDNA fragment encoding amino acids 1040 -1172 of MTR-1, modified with an Eco R I site at the 5 0 end, was cloned into pGEX-6P-1 (Amersham Pharmacia). The fusion protein (GST-MTR-1 15 kDa) produced in E. coli (BL21) was purified with glutathione -sepharose beads, although the yield in soluble fractions was very low. Rats were immunized with the fusion protein, and then specific antibodies were affinity-purified from antisera with sepharose beads coupled with the GST-MTR-1 15 kDa protein.
The antibodies were applied to sepharose beads coupled with GST, and flow-through fractions were used as affinitypurified anti-MTR-1 antibodies.
Immunofluorescence and immunoelectron microscopy
Cryosections of tissues fixed in 2% PFA in PBS were used for immunofluorescence staining. 100% ethanol was also used as a fixative for staining snRNPs in chromatoid bodies. The primary antibodies used in this study were anti-MTR-1; anti-SSEA-1; anti-SCP3; anti-Sm (Y12) (Neomarkers), which recognizes SmB/B 0 and SmD of snRNPs in human, and SmB and SmD in rodents (Schmauss and Lerner, 1990) ; anti-2, 2, 7-trimethylguanosine (m3G) (Oncogene); and anti-6xHis (Bethyl laboratories). The secondary antibodies were FITC-conjugated anti-rat immunoglobulins (Igs), Rhodamine B-anti-rabbit Igs, Rhodamine B-anti-mouse Igs (BioSource), and Cy3-anti-mouse IgM (Jackson ImmunoResearch). Nuclei were counterstained with 1 mg/ml Hoechst 33258 dye. For immunoelectron microscopy, the pre-embedding, silver enhancement immunogold method was used (Nakamura et al., 2000) . Testes were immersion-fixed in 4% PFA in 0.1 M sodium phosphate buffer for 10 min. Cryosections (6 mm in thickness) were incubated with anti-MTR-1 antibodies, followed by incubation with colloidal gold (diameter 1.4 nm) -conjugated secondary antibodies. The gold labeling was intensified using a silver enhancement kit, HQ silver (Nanoprobes).
Western blotting and immunoprecipitation
Adult testes were homogenized in SDS-PAGE sample lysis buffer (100 mM Tris, pH 8.3, 2% SDS, 200 mM DTT, 10% Glycerol, 1 mM EDTA, 0.025% Bromophenol Blue) supplemented with a protease inhibitor cocktail (Sigma), using a Potter homogenizer. NIH/3T3 cells transfected with pMTR-1 were lysed directly in the sample lysis buffer. The lysates were subjected to SDS-PAGE using a 5-20% gradient gel. Western blotting for MTR-1 was carried out according to standard procedures using anti-MTR-1, ALPconjugated anti-Rat Igs (BioSource) antibodies, and CDP-Star with NitroBlock II (Applied Biosystems). For immunoprecipitation experiments, a cytoplasmic fraction of adult testes enriched in chromatoid bodies was prepared using a simplified modification of the method by Figueroa and Burzio (1998) . Briefly, adult testes were homogenized in 50 mM Tris -Cl (pH 7.4), 50 mM KCl, 2 mM MgCl 2 , and 0.1% Tween 20 with a protease inhibitor cocktail (Sigma) and SUPERaseIn RNase inhibitor (Ambion), using a Potter homogenizer. The homogenate, after addition of sucrose to 0.3 M, was centrifuged at 160 g twice to remove unbroken cells and nuclei. The supernatant was then centrifuged at 10,000 g, and the pellet containing chromatoid bodies was resuspended in PBS þ 0.1% Tween 20, and subjected to immunoprecipitation using anti-Sm (Y12) or anti-m3G antibodies bound to Protein G coupled magnetic beads (Dynal). For RNase sensitivity assays, RNase A (0.2 mg/ml) and RNase T1 (100 U/ml) were added to the input samples before immunoprecipitation.
Immunoprecipitates eluted in the sample lysis buffer were subjected to SDS-PAGE using a 5-20% gradient gel, followed by western blotting with anti-MTR-1 and anti-Sm (Y12) antibodies.
Plasmid construction and transfection
A Mtr-1 cDNA fragment encompassing the entire ORF, tagged with a DNA fragment encoding 6xHis at the 3 0 end, was modified with Xho I sites at both ends and subcloned into an Xho I site downstream of the CAG enhancer/promoter of pCXN2 (Niwa et al., 1991) to obtain the full length MTR-1 expression plasmid (pMTR-1). pDMTR-1-T2 and pDMTR-1-T1, which encode residues 681 -1172 and 899-1172 of MTR-1, tagged with 6xHis at the C terminus respectively, were generated by inserting an Sph I-Xho I fragment and an Afl II-Xho I fragment of pMTR-1 downstream of the CAG enhancer/promoter of pCXN2.
NIH/3T3 cells were grown in glass chamber slides (Nalge Nunc) in high glucose D-MEM supplemented with 10% fetal calf serum, and were transfected with expression vectors using Effectene reagent (Qiagen). Forty-eight hours post transfection, immunofluorescence staining was carried out with anti-MTR-1, anti-Sm (Y12), and antim3G antibodies, as described above. To assess ratios of cells that had formed discernible granules of MTR-1 or MTR-1 mutants and snRNPs, a double thymidine block and Demecolcine treatment (Spector et al., 1998) was carried out along with transfection, to increase mitotic indices.
